We performed three sets of computational experiments. In the first one, we evolved populations of N = 1, 000 circular RNA sequences of fixed length = 300 nt using Wright-Fisher dynamics, letting them evolve for T = 20, 000 generations. At each generation, sequences were folded into their MFE as described above. In order to select for fitter sequences, we used the fitness function
where E is the free energy of the folded structure relative to the sequence length , E 0 is a reference 102 energy value, p is the number of pairs in the structure and q is the number of times a specific sequence 103 motif is found in the sequence. In our simulations, we have taken E 0 = −0.433 kcal mol −1 nt −1 , which 104 is representative of the folding energy per nucleotide of Pospiviroidae (e.g. HSVd in Table 1 into its minimum free energy structure to evaluate if both the paired structure of the evolved rod-like 128 molecule and the hammerhead structure were maintained upon addition of the two modules. 
Results

130
In order to quantify the ease with which viroid-like properties could emerge in evolutionary 
. Structural Properties of Circular RNAs
138
The folding constraint of circular RNA sequences poses severe biases on the feasibility and abundance of the different structures. Counting how many structures a circular sequence of length can fold into, having h hairpins and p base pairs, is a nontrivial combinatorial problem that has nevertheless been solved recently with the help of generating functions [27] . If v ,p,h denotes this number, then
defines its generating function, which turns out to be
where ϕ(k) is Euler's totient function, B(z, w, u) solves the equation
and m and s are the minimum number of base pairs in a stem and of unpaired bases in a hairpin loop,
139
respectively -two energetic constraints on foldings. (See Ref.
[27] for full details.)
140
Complicated as this may look, it is not difficult to extract asymptotic expressions for v ,p,h when the sequences are long [27] . The total number of structures grows as . On the other hand, the probability v ,p,h /v r that a circular structure of length has p base pairs and h hairpins follows a bivariate normal distribution. In particular, the expected number of base pairs and hairpins grow with as Table 2 ) also have the largest phenotypes, so that the frequency of sequences 158 folding into typical structures is much higher that the frequency of typical structures themselves.
159
While the latter quantity can be derived from Table 2 , the former requires full consideration of the 160 sequence-to-MFE secondary structure map.
Our analytical results indicate that viroid-like folds, and especially rod-like shapes (those with 162 h = 2), become increasingly rare in the space of structures as sequence length grows. Equation (6 the size S of any RNA structure with 2p paired nucleotides and u = − 2p unpaired nucleotides as
where v p = Table 1 for a comparison between the number of pairs in each viroid and the number 173 expected in random sequences of the same length). pressures that lead to conserved positions and regions [7] .
181
In general, the likelihood of appearance of a specific sequence motif can be estimated as follows. As Note that the probability that the motif appears at least once anywhere in a sequence of length is
. For random sequences of length = 300, the motif will be found in almost
192
1% of the sequences.
193
The random appearance of a circular RNA sequence folding into a rod-like structure with a qualitative behaviours: E resembles E + M and E + P is similar to E + P + M.
223
If only energy or energy and a sequence motif are positively selected, we obtain populations 224 highly heterogeneous in structure, with a broad distribution for the number of hairpins (from 4 to 12,
225
with typical numbers around 6-9). Also, the number of paired nucleotides follows broad distributions,
226
with averages that keep relatively low as compared to most viroids. In order to maintain the average 227 energy required in the simulations, and as a result of the latter, the G+C content attains high values.
228
The high diversity of the former populations severely decreases when selection favouring the 
236
This would lead to sequences more similar to actual viroids, but even less plastic that those found in and minor changes in sequence find it hard to modify the overall structure [9, 41] Simulations for growing sequences have been repeated in the four situations described, E, E + M,
289
E + P and E + P + M. As above, qualitative results group into two different pairs: E is akin to E + M, unstructured molecules of low structural robustness. As expected, sequence motifs are absent in the 297 E situation (they occasionally appear but are not fixed) and reach 15 repetitions (and growing) after 298 about 6 × 10 5 generations in the E + M situation.
299
The results of simulations for the situation E + P + M (qualitatively equivalent to E + P) are 300 summarized in Figure 2 one of the terminal hairpins. Specifically, we found that this happens in 8% of cases, Fig. 3 (c) .
331
It is likely that the very rod-like structure plays a role towards increasing its preservation under 332 recombination, in the same sense that such structures are more robust to mutations [9, 41] . In a different A non-negligible fraction of circulating RNAs might have specific sequence positions that promote interactions with a polymerase. Once this process starts, selection for improved replication is triggered. Those RNAs would become more prevalent in the circulating pool; (e). Minimal circular replicons might grow in length through the random addition of nucleotides to their sequences. Sequence motifs with no specific function can evolve to improve the replicative ability of the molecule (e.g. by increasing mobility or selecting additional positions to interact with the polymerase); (f). New functions can be acquired through recombination of functional RNAs in the circulating pool; (g). Sufficiently long replicons that may arise from processes as those in (e) and/or (f) might respond to a variety of selection pressures. In practice, these replicons occupy a niche in the molecular ecology equivalent to that of viroids. (FIS2015-64349-P, JAC and PC), MiMevo (FIS2017-89773-P, SM) and EvolSysVir (BFU2015-65037-P, SFE).
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